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Microwave-assisted synthesis of nitrogen-rich
carbon dots as effective fluorescent probes for
sensitive detection of Ag+†

Jie Feng,a Xiaoran Zhao,a Wei Bianb and Xinjing Tang *a

A simple strategy for the synthesis of fluorescent nitrogen-rich carbon dots (N-dots) is developed

through microwave-assisted reaction of 2-azidoimidazole with different hydroxyl compounds. With the

increase of hydroxyl groups of the crosslinkers, the emission property of the corresponding N-dots was

enhanced. Among them, N-dots with 2-azidoimidazole and glycerol as the starting materials showed high

monodispersity, good stability, excellent water solubility and strong fluorescence emission with fluorescence

quantum yield up to 27.9%. These N-dots were further employed as an effective chemosensor for Ag+

analysis via the static quenching effect and a good linear range of Ag+ detection was obtained from 20 nM to

6 mM with a limit of detection of 6.3 nM, displaying high selectivity toward Ag+ detection in real samples.

Introduction

In previous decades, fluorescent carbon dots (CDs) have attracted
tremendous attention due to their unique properties, including
strong fluorescence, good biocompatibility, excellent solubility,
and easy surface modification. These characteristics make CDs
new nanocarriers in various applications, such as bioimaging,1

sensing,2,3 catalysis,4,5 photoelectronics,6,7 and energy conversion/
storage devices.8 So far, many different methods have been
developed to fabricate CDs. Kang et al. synthesized biomolecule-
mimicking nitrogen-doped CDs from dopamine by a neutralization
heating strategy.9 Wang et al. established a plasma-induced method
for the preparation of stable CDs with natural chicken eggs as the
precursor and used these CDs as fluorescent inks.10 Multicolor
fluorescent CDs with red, green, and blue emissions were prepared
using three different phenylenediamine isomers via a solvothermal
method.11 Heteroatom doping was another one of the most effective
routes to prepare CDs. Zuo et al. chose an aromatic fluorine source
to synthesize a series of fluorine (F)-doped CDs by a solvothermal
process. The prepared F-doped CDs were used for red cell imaging,
sensing and gene delivery.12,13 Recently, our group reported a
new kind of nitrogen-rich quantum dot (N-dots) by heating
2-azidoimidazole methanol solution under mild conditions and
applied them in biocompatible staining and sensing.14,15 However,
there were still some issues to be solved for CDs, such as uniform

size, product yield and fluorescence quantum yield (QY).
Accordingly, it is highly desirable to develop facile methods
for the preparation of CDs. As previously reported, microwave
heating is a fascinating and promising tool for the preparation
of carbon materials.16–18 Due to the rapid and direct heating,
microwave heating enables the acceleration of reaction processes,
which results in time- and energy-saving.19 Moreover, the possibi-
lity of obtaining temperatures above the boiling point at increased
pressure can result in the fast preparation of monodisperse, small-
sized and highly pure nanoparticles.19 Based on these advantages,
the microwave-assisted methods have been rapidly developed for
the preparation of CDs.20,21

In the present work, we reported a facile route to synthesize
nitrogen-rich CDs (N-dots) using microwave heating treatment of
2-azidoimidazole and different hydroxyl compounds (propanol,
1,2-propanediol, and glycerol). By optimizing the experiment
conditions, the as-synthesized N-dots using 2-azidoimidazole
and glycerol as starting materials showed the highest fluores-
cence emission with fluorescence QY up to 27.9%. Along with
strong fluorescence performance, these N-dots exhibited a homo-
geneous size distribution, good water solubility, and excellent
stability. Further application as a ‘‘turn-off’’ fluorescent nanop-
robe for sensitive and selective Ag+ ion detection was achieved
based on the static quenching mechanism (Scheme 1).

Results and discussion
Synthesis of nitrogen-rich CDs (N-dots)

In the present work, we first investigated the preparation of
N-dots from 2-azidoimidazole aqueous solution without the
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addition of alcohol under microwave-assisted heating. The
obtained yellow-brown solution exhibited blue fluorescence
with fluorescence quantum yield (QY) of 8.7% (Table S1, ESI†).
As previously reported, weak fluorescent subfluorophores can
generally enhance their fluorescence emission with suitable
immobilization, such as covalent/supramolecular cross-linking
or even physical aggregation.22,23 To improve the QY of the
above N-dots, we hypothesized that an appropriate additive was
essential to construct a more cross-linked rigid core structure of
carbon dots. According to the mechanism of our previous N-dot
formation using 2-azidoimidazole methanol solution, the
hydroxyl group of methanol involved the opening of aziridine
in linear polymerization and N-dot formation.14 Thus, in the
present work, three hydroxyl compounds including propanol,
1,2-propanediol, and glycerol with the same three carbon atoms
but different possible cross-linking degrees were employed as
supramolecular crosslinking additives to synthesize fluorescent
N-dots under the same conditions. Firstly, we confirmed that
sole hydroxyl compounds (including propanol, 1,2-propanediol,
and glycerol) themselves could not produce fluorescent N-dots
under the same microwave heating conditions. With the addition
of hydroxyl compounds to the 2-azidoimidazole aqueous
solution, fluorescent N-dots were obtained. As expected, the QY
of the prepared N-dots increased greatly from 10.9%, to 22.2% to
27.9% with the increase of hydroxyl groups from propanol, to 1,2-
propanediol, and glycerol, respectively (Table S1, ESI†), which
may be due to the increase of cross-linking possibility between
the polymers formed from 2-azidoimidazole. As shown in Fig. S1
(ESI†), all N-dots synthesized from these hydroxyl compounds
and 2-azidoimidazole exhibited similar absorption and fluores-
cence emission wavelength. These results indicated that all these

N-dots contained the same emission fluorophore. At the same
time, elemental analysis showed that the percentages of nitrogen
element in these N-dots were 26.5%, 23.8%, and 35.3%, respectively,
confirming the high percentage of nitrogen element.

In the following study, 2-azidoimidazole and glycerol with
three hydroxyl groups were chosen as starting materials for the
preparation of N-dots. To achieve the maximum fluorescence
QY of N-dots, different reaction conditions (e.g. the concen-
tration of glycerol, microwave heating time and temperature)
were investigated. As shown in Fig. S2 (ESI†), the concentration
of glycerol had a large effect on fluorescence properties. The QY
of prepared N-dots reached the maximum value when the
concentration of glycerol was around 50% (v/v) (glycerol/water)
(Table S2, ESI†). Meanwhile, low reaction temperature greatly
decreased the QY of N-dots when the reaction temperature was
o100 1C, and microwave heating temperature between 100 1C
and 140 1C was optimal (Fig. S3 and Table S3, ESI†). Thus, the
optimal microwave reaction temperature was set to be 120 1C
for further optimization. Microwave heating reaction time also
played an important role in determining the fluorescence
emission of N-dots. It was found that these N-dots with the
highest QY were obtained within 30 min microwave heating
(Fig. S4 and Table S4, ESI†). And the prolonged microwave
heating led to the decrease of fluorescence emission of these
N-dots, which was caused by the formation of more large-sized
particles.24 Therefore, the microwave heating temperature and
time were set to be 120 1C and 30 min for the synthesis of these
N-dots in further characterization and applications, respectively.

Characterization of N-dots

The size and morphology of N-dots formed with 2-azido-
imidazole and glycerol under optimal microwave-assisted syn-
thetic conditions were first characterized using a Transmission
Electron Microscope (TEM). As shown in Fig. 1A, these N-dots
exhibited quasi-spherical shapes with an average size of about
2.8 nm and a narrow size distribution (Fig. 1B). High-resolution
TEM (HRTEM) clearly revealed a lattice spacing distance of
0.21 nm, which corresponded to the in-plane lattice spacing of
graphite (100 facet).25 The XRD pattern of N-dots showed that
there was a broad peak at 2y = 231, which was consistent with the
(002) lattice spacing of carbon-based materials with abundant sp3

disorder (Fig. 1C).26,27 The XRD result implied that these N-dots

Scheme 1 Illustration of the synthesis process of nitrogen-rich CDs
(N-dots) and the detection of Ag+.

Fig. 1 The TEM and HRTEM (inset) images (A), the size distribution (B), and the powder XRD pattern (C) of the N-dots.
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had an amorphous surface structure. In addition, the surface
functional groups of the N-dots were characterized by FTIR. As
shown in Fig. 2A, the stretching vibrations of –OH/–NH and C–H
were located at 3400 cm�1 and 2940 cm�1, respectively. The
presence of the stretching vibration of C–NH–C at 1390 cm�1

confirmed the doping of nitrogen. In addition, the vibration
peaks at 1630, 1110 and 1040 cm�1 could be ascribed to CQO
vibration, C–O stretching and C–H bending, respectively.28–31 The
zeta potential of the N-dot aqueous solution was found to be
�15.5 mV. The negative value of zeta potential was likely ascribed
to the –COOH and –OH groups on the surface of the N-dots,
which resulted in their excellent hydrophilicity and stability in an
aqueous system.

XPS measurements were carried out to further explore the
chemical composition and surface chemical components of the
N-dots. In the high-resolution spectra, the C 1s spectrum (Fig. 2B)
showed four peaks at 284.6, 285.2, 286.3, and 288.0 eV,
which were attributed to C–C/CQC, C–N, C–O, and CQO/
CQN functional groups, respectively.32 The N 1s spectrum
(Fig. 2C) contained three components that could be assigned
to C–NQC (398.6 eV), N–(C)3 (399.7 eV), and N–H (400.4 eV),
respectively.33 The two peaks at 531.3 and 532.4 eV in the O 1s
spectrum (Fig. 2D) could be attributed to CQO and C–OH/C–O–C
groups, respectively.29 These results agreed well with those

obtained from the FTIR measurements. In addition, the results
from element content analysis of XPS revealed that the relative
atomic percentages of C, N, and O in the obtained N-dot surface
were 53.8%, 12.9%, and 22.7%, respectively. Combined with
elemental analysis (35.3% for nitrogen element), a higher
percentage of nitrogen element in the core of the N-dots was
expected.

Optical properties of the N-dots

The UV-vis spectra of the N-dots (Fig. 3) showed an absorption
peak at B219 nm, ascribed to the p–p* transition of the
conjugated CQC units from the carbon core.34 And a shoulder
peak at B300 nm corresponded to n–p* transition of the CQO
bond.35 The N-dot aqueous solution was pale yellow, while it
emitted intense cyan luminescence under irradiation using a
365 nm lamp (inset of Fig. 3). Unlike many other reported
carbon dots,36,37 the fluorescence emission of the N-dots was
excitation-independent (Fig. 3). The excitation-independent
fluorescence behavior of the prepared N-dots was ascribed to less
surface defects and more uniform size,25,38 which was consistent
with TEM observation. The QY of the prepared N-dots was
determined to be 27.9% using quinine sulfate as standard,
which was higher than those of the surface-unmodified nitrogen-
containing carbon dots in previous reports (typically o20%) and

Fig. 2 (A) FT-IR spectrum of the N-dots. High resolution XPS spectra of (B) C 1s, (C) N 1s, and (D) O 1s peaks of the N-dots, respectively.

Materials Chemistry Frontiers Research Article

Pu
bl

is
he

d 
on

 2
5 

ok
tó

br
a 

20
19

. D
ow

nl
oa

de
d 

on
 1

7.
10

.2
02

5 
21

:4
8:

45
. 

View Article Online

https://doi.org/10.1039/c9qm00624a


2754 | Mater. Chem. Front., 2019, 3, 2751--2758 This journal is©The Royal Society of Chemistry and the Chinese Chemical Society 2019

our previous report of N-dots with methanol (13%).14,21,39,40 The
higher QY may be ascribed to the chemical nature of the cross-
linked internal core of the N-dots. The time-resolved fluorescence
decay curve was also measured with a time-correlated single
photon counting system. The decay curve was well fitted to a
biexponential function and the mean lifetime of the N-dots was
calculated to be 8.27 ns as illustrated in Fig. S5 and Table S5 (ESI†).

The stability of the N-dots under various conditions was
further investigated. Fig. 4A and B demonstrated that the
fluorescence intensities of the N-dots remained constant at
relatively high ionic strengths (up to 200 mM NaCl) or under
broad pH ranges (pH 3–11). In addition, there was no obvious
attenuation in fluorescence intensity within 2 h of UV irradiation
and it slightly decreased after 5 h continuous irradiation (Fig. 4C),

suggesting that the N-dots were quite stable against light
irradiation. When the incubation temperature of the N-dot
solution increased from 25 to 85 1C, their fluorescence intensities
remained almost unchanged, which indicated that these N-dots
exhibited excellent thermostability (Fig. 4D). All of these features of
N-dots promised great potential for future sensing applications.

Fluorescence sensing of Ag+ using N-dots

As a representative heavy metal ion, silver has been widely
employed in the photographic, medical and electronics
industry.41 It has brought serious environmental and health
problems. Accumulation of silver in the human body causes
many symptoms and diseases such as argyria and argyrosis, and
other serious neurological, renal, or hepatic complications.42,43

Thus the development of relatively cost-effective, selective and
sensitive methods for determination of silver cations in environ-
mental and biological systems is of important concern.

For the above N-dot solution, the addition of Ag+ effectively
quenched its fluorescence emission. The fluorescence quenching
was quickly realized within 1 min. To explore the feasibility of
using the N-dots for Ag+ detection, the pH value of the detection
solution was first optimized. As shown in Fig. S6 (ESI†), the
Ag+-induced fluorescence quenching efficiency reached its
maximum in pH 7–8 PBS buffer solution of the N-dot solution.
Under the optimized pH value of PBS buffer solution, the
fluorescence intensity of the N-dot solution at 458 nm decreased
gradually with the increase of Ag+ concentration, and the
fluorescence behavior could be clearly observed by the naked
eye under a UV lamp, as shown in Fig. 5A. The quenching
efficiency (F0/F, where F0 and F were the fluorescence intensities
in the absence and presence of the Ag+, respectively) was in a
distinct linear relationship with the concentration of Ag+ in the
range from 20 nM to 6 mM, with R2 of 0.997 (Fig. 5B). The limit
of detection (LOD) was then calculated to be 6.3 nM (3s/k, in
which s was the standard deviation for the control and k was the
slope of the calibration curve), which was much lower than the
toxicity level of Ag+ cations in drinking water (460 nM) defined
by the U.S. Environmental Protection Agency (EPA).44 Moreover,
the LOD value was comparable with or even lower than those
obtained from other methods reported for Ag+ sensing15,45–51

(Table S6, ESI†). These data indicated that the N-dots could
achieve satisfactory sensitivity for Ag+ detection.

To estimate the selectivity of N-dots for the detection of Ag+,
the fluorescence changes in the presence of representative
interferents were then investigated. As shown in Fig. 5C, most
common metallic ions including Na+, K+, Mg2+, Ca2+, Co2+, Cd2+,
Fe2+, Fe3+, and Cr3+ exhibited a negligible effect on the fluores-
cence intensity at 458 nm even at a concentration 40-fold higher
than that of the Ag+ cations. It was worth noting that Cu2+ and
Hg2+ could lead to a slight fluorescence decrease of the N-dot
solution when their concentrations reached up to 5 mM. It is well
known that EDTA could form stable complexes with Hg2+ and
Cu2+, and it had little effect on Ag+.52 To eliminate the inter-
ference of Hg2+ and Cu2+ on the fluorescence of the N-dots,
EDTA was chosen as a masking agent. As indicated in Fig. S7
(ESI†), both Hg2+ and Cu2+ did not induce an obvious change in

Fig. 3 UV-vis absorption and fluorescence emission spectra (with progressively
longer excitation wavelengths from 340 to 480 nm) of the prepared N-dots.
Inset shows a photograph of the N-dot aqueous solution under UV-light.
(The concentration of the N-dot solution was 100 mg mL�1.)

Fig. 4 (A) Normalized fluorescence intensity of the N-dots after addition
of various concentrations of NaCl solutions. (B) Normalized fluorescence
intensity of the N-dots at different pH values. (C) Normalized fluorescence
intensity variation of the N-dots as a function of illumination time under
365 nm UV lamp (6 W). (D) Normalized fluorescence intensity of the
N-dots after incubation at different temperatures for 10 min. Error bars
were the standard deviation of three independent experiments. (The
concentration of the N-dot solution was 100 mg mL�1.)
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the fluorescence intensity of the N-dots any more after the
addition of EDTA. Moreover, the anti-interference performance
of the Ag+ sensing system was also evaluated. As presented in
Fig. 5D, the fluorescence responses of the N-dot solution to Ag+

were almost unchanged after the addition of relatively high
concentrations of other interferents to the sensing system.
Based on the above results, the N-dot probe exhibited an
excellent selectivity and strong tolerance toward Ag+ sensing,
which might be directly applied in real samples.

To investigate the quenching mechanism of the N-dots for
Ag+ sensing, further experiments were performed. Generally, the
fluorescence could be quenched by the dynamic quenching effect
(DQE) or static quenching effect (SQE) or both simultaneously.
For N-dots, the relationship between the fluorescence quenching
efficiency and the concentration of Ag+ was well fitted to the
Stern–Volmer equation (F0/F = 1 + KSV[Q], where F0 and F were
the fluorescence intensities in the absence and presence of the
quencher, respectively; Q was the concentration of the quencher),
which indicated that there was only one quenching mechanism
(DQE or SQE) in this system.53 To further gain insight into the
fluorescence quenching mechanism, the fluorescence decay
curves of the N-dots in the absence and presence of Ag+ were
also investigated. As shown in Fig. 6A and Table S5 (ESI†), there
were almost no changes in the lifetime for the N-dots before and
after the addition of Ag+. These data suggested that the above
fluorescence quenching could be mainly due to SQE, rather than
DQE.54,55 To confirm the SQE quenching mechanism during the

Ag+ sensing process, the quenching constants at three different
temperatures (25, 45, 65 1C) were investigated. As shown in
Fig. 6B, the quenching constant was inversely correlated with the
temperature. Along with the phenomenon that the UV-vis
absorption spectrum of the N-dots changed after the addition
of Ag+ (Fig. S8, ESI†), it was confirmed that the quenching
mechanism of the N-dots/Ag+ system was initiated by complex
formation of Ag+ and N-dots rather than dynamic collision.56,57

Applications of N-dots as a fluorescence sensor

To evaluate the practicality of the proposed fluorescence organic
quantum dot sensor, Ag+ detection was carried out in real
samples such as tap water and human urine. Samples spiked
with three different concentrations (0.1 mM, 0.5 mM and 2 mM) of

Fig. 5 (A) The fluorescence emission spectra of the N-dots in the presence of various concentrations of Ag+ in PBS (10 mM, pH 7.4) buffer solution (the
Ag+ concentration from top to down was: 0, 0.02, 0.05, 0.1, 0.2, 0.5, 1, 2, 3, 4, 5, 6, and 10 mM). Inset shows photographs of the N-dot solution in the
absence and presence of 6 mM Ag+ under UV light (365 nm). (B) The linear relationship between the fluorescence quenching efficiency (F0/F) variation
and the Ag+ concentration in the range from 20 nM to 6 mM. (C) Selectivity of the nanoprobe for Ag+ over other representative metal ions (5 mM for Cu2+,
Hg2+ and Ag+. 200 mM for other cations). (D) Fluorescence response of the nanoprobe against 5 mM Ag+ with the coexistence of other ions (20 mM for
Cu2+ and Hg2+. 200 mM for other cations). Error bars were the standard deviation of three independent experiments. (The concentration of the N-dot
solution was 100 mg mL�1.)

Fig. 6 (A) Time-resolved fluorescence decay curves of the N-dot solution
before and after the addition of 10 mM Ag+. (B) Stern–Volmer plots at three
different temperatures. (The concentration of the N-dot solution was
100 mg mL�1.)
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Ag+ were studied. The recovery tests of each concentration were
carried out in triplicate and the averages were presented with
standard deviation. As shown in Table 1, the concentrations of
Ag+ found were close to the spiked values by the proposed
method and the recoveries ranged from 92.5% to 110.3%
at three different concentrations of Ag+. The above results
indicated the utility and reliability of the fluorescence probe
for detection of Ag+.

As Ag+ has a high affinity preference to biothiols as a
thiophilic metal ion, Ag+ could be competitively captured by
biothiols from the N-dots/Ag+ complex. As shown in Fig. S9 and
S10 (ESI†), with the addition of common amino acids to the
N-dots/Ag+ complex, only biothiols such as cysteine (Cys), homo-
cysteine (Hcy) and glutathione (GSH) led to obvious fluorescence
recovery. Therefore, a ‘‘turn-on’’ fluorescence probe for biothiol
detection could be implemented based on the N-dots/Ag+

complex in future.

Experimental
Reagents and chemicals

Propanol and 1,2-propanediol were purchased from Sinopharm
Chemical Reagent Co., Ltd (Shanghai, China). Glycerol was
purchased from Beijing Biotopped Science & Technology Co.,
Ltd (Beijing, China). 2-Azidoimidazole was synthesized according
to the previous method.14 All reagents were of analytical reagent
grade and used without further purification, and doubly distilled
water was used throughout.

Synthesis of N-dots

N-Dots were prepared by a facile microwave-assisted heating
method which used 2-azidoimidazole and hydroxyl compounds
(propanol, 1,2-propanediol, and glycerol) as the carbon sources.
Typically, 2-azidoimidazole, hydroxyl compounds and ultrapure
water were mixed homogeneously. The transparent solution
was transferred into a microwave synthesizer and heated under
120 1C, 150 psi and 50 W for 30 min. In the process of microwave
heating, the solution colour changed from transparent to brown
as a result of formation of N-dots. After cooling to room
temperature, the solution was centrifuged at 6000 rpm to
remove large particles. Finally, the N-dots were purified by
dialyzing against deionized water through a dialysis membrane
(300–500 Da) for 24 h and then freeze-dried for further char-
acterization and fluorescence measurements.

Characterization of N-dots

The microwave synthesis of N-dots was performed on a Discover
SP microwave synthesizer (CEM, USA). Transmission electron
microscopic (TEM) images were acquired on a JEM-2100F
microscope (JEOL, Japan). Fourier transform infrared spectro-
scopic (FTIR) spectra were collected on a Nexus 470 spectro-
meter (Thermo Nicolet, USA). X-ray photoelectron spectroscopic
(XPS) measurements were carried out on an ESCALAB 250Xi
spectrometer (Thermo, USA). Fluorescence lifetimes were measured
using an FLS1000 time-corrected-single-photon-counting system.
Zeta potential was measured on a Malvern Zetasizer Nano ZS
(Malvern, UK). UV-vis absorption spectra were recorded using a
DU 800 UV-vis spectrophotometer (Beckman, USA). Fluorescence
emission spectra were measured on a Cary Eclipse fluoro spectro-
photometer (Agilent, USA).

Quantum yield (QY) measurements

Quinine sulphate in 0.1 M H2SO4 (QY = 0.54 at 350 nm) was
chosen as a standard. The QY of the N-dots in water was
calculated according to the following equation:

Q ¼ Qr �
Ar

A
� I

Ir
� n2

nr2

where Q is quantum yield; I is the measured integrated fluores-
cence emission intensity; A is the absorbance measured at the
excitation wavelength; n is the refractive index (1.33 for water).
The subscript ‘‘r’’ designates the reference fluorophore of known
quantum yield. In order to minimize reabsorption effects, the
absorbance value of the individual solution was kept below 0.05
at the excitation wavelength of 350 nm.

Fluorescence detection of Ag+

10 mL of the prepared N-dot stock solution (10 mg mL�1) was
mixed with 980 mL sodium phosphate buffer (PBS, 10 mM, pH
7.4). Then 10 mL of AgNO3 standard solution with different
concentrations was added and vortex-mixed for 1 min at room
temperature. Their fluorescence emission spectra were then
recorded at an excitation wavelength of 350 nm.

To investigate the selectivity of N-dots on Ag+ sensing, its
fluorescence responses to other metallic ions (200 mM for Na+,
K+, Mg2+, Ca2+, Co2+, Cd2+, Fe2+, Fe3+, and Cr3+. 5 mM for Cu2+,
Hg2+) were examined following the same procedure to that of
Ag+ mentioned above. For the interference study of other metal
ions, metallic ions with certain concentrations (200 mM for Na+,
K+, Mg2+, Ca2+, Co2+, Cd2+, Fe2+, Fe3+, and Cr3+. 20 mM for Cu2+,
Hg2+) were mixed with the probe in the PBS buffer, respectively,
and the fluorescence intensities of the N-dot solutions at
458 nm were measured by a fluorescence spectrophotometer.
Then, 5 mM of Ag+ ion was further introduced to the probe
solution and the fluorescence emission intensities at 458 nm
were collected, respectively.

Fluorescence quenching mechanism of Ag+/N-dots

In order to investigate the quenching constants at different
temperatures, 10 mL of AgNO3 standard solution with different

Table 1 Results of determination of Ag+ cation in tap water and human
urine samples by the proposed method

Sample Added (mM) Founda (mM) Recovery (%)

Tap water 0.1 0.098 � 0.017 98.3
0.5 0.54 � 0.033 108.8
2 2.00 � 0.049 100.3

Urine 0.1 0.11 � 0.020 110.3
0.5 0.52 � 0.025 104.4
2 1.96 � 0.041 97.9

a Value = mean � SD (n = 3).
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concentrations was added to 1 mL of N-dot solution (100 mg mL�1

in PBS buffer, pH 7.4) at 25, 45 and 65 1C, respectively. The
fluorescence emission spectra were then recorded at an excitation
wavelength of 350 nm.

To investigate the change of fluorescence lifetimes in the
N-dots with the addition of Ag+, the time-resolved fluorescence
decay curves of the N-dot solutions (100 mg mL�1) were measured in
the absence and presence of Ag+ (10 mM), respectively.

Detection of Ag+ cation in real samples
The tap water sample was collected from our lab and filtered
using a 0.45 mm filter to remove possible solid suspensions. The
human urine was obtained from a healthy volunteer and
subjected to 50-fold dilution for subsequent analysis. A volume
of 10 mL of diluted samples with different concentrations of Ag+

were added to the sensing system, and the resultant fluorescence
spectra were recorded.

Fluorescence detection of biothiols using N-dots/Ag+ complexes

For the detection of biothiols, the N-dot solution (100 mg mL�1 in
PBS buffer, pH 7.4) was first mixed with Ag+ (6 mM). Then, various
concentrations of biothiols such as cysteine (Cys), homocysteine
(Hcy) and glutathione (GSH) were added. After 5 min, the
fluorescence spectra of the mixture solutions were recorded.

To evaluate the selectivity of the N-dots/Ag+ complex solution
for biothiols, interferents were added instead of biothiols under
the same experimental conditions. All the fluorescence spectra
were recorded under excitation at 350 nm, and the emission
intensities at 458 nm were recorded.

Conclusions

In summary, we described a facile approach to the synthesis of
highly fluorescent N-dots using 2-azidoimidazole and hydroxyl
compounds with different numbers of hydroxyl groups as
crosslink additives. Employment of a microwave heating strategy
and the assistance of appropriate crosslinking additives effectively
improved the fluorescence emission efficiency of the N-dots,
yielding a QY up to 27.9% with glycerol as the additive. The
N-dots exhibited uniform size distribution, excellent water-solubility,
and good stability against pH, temperature, ionic strength as well as
light illumination, and could serve as a fluorescence probe for Ag+

sensing. The Ag+-mediated fluorescence quenching was attributed to
the static quenching effect after the chelation of Ag+ and N-dots. This
sensing system showed high sensitivity, good selectivity toward Ag+

and low detection limit, and thus it could be a promising candidate
for monitoring the Ag+ in real systems.
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Liq., 2018, 271, 857–871.

5 Y. Liu, Y. Yang, Z. Peng, Z. Liu, Z. Chen, L. Shang, S. Lu and
T. Zhang, Nano Energy, 2019, 65, 104023.

6 F. Wang, Y. H. Chen, C. Y. Liu and D. G. Ma, Chem.
Commun., 2011, 47, 3502–3504.

7 S. Lu, L. Sui, J. Liu, S. Zhu, A. Chen, M. Jin and B. Yang, Adv.
Mater., 2017, 29, 1603443.

8 X. Yan, X. Cui, B. Li and L. S. Li, Nano Lett., 2010, 10,
1869–1873.

9 Y. F. Kang, Y. W. Fang, Y. H. Li, W. Li and X. B. Yin, Chem.
Commun., 2015, 51, 16956–16959.

10 J. Wang, C. F. Wang and S. Chen, Angew. Chem., Int. Ed.,
2012, 51, 9297–9301.

11 K. Jiang, S. Sun, L. Zhang, Y. Lu, A. Wu, C. Cai and H. Lin,
Angew. Chem., Int. Ed., 2015, 54, 5360–5363.

12 G. Zuo, A. Xie, J. Li, T. Su, X. Pan and W. Dong, J. Phys.
Chem. C, 2017, 121, 26558–26565.

13 G. Zuo, A. Xie, X. Pan, T. Su, J. Li and W. Dong, ACS Appl.
Nano Mater., 2018, 1, 2376–2385.

14 X. Chen, Q. Jin, L. Wu, C. Tung and X. Tang, Angew. Chem.,
Int. Ed., 2014, 53, 12542–12547.

15 Z. Wu, M. Feng, X. Chen and X. Tang, J. Mater. Chem. B,
2016, 4, 2086–2089.

16 B. J. Yoon, E. H. Hong, S. E. Jee, D. M. Yoon, D. S. Shim,
G. Y. Son, Y. J. Lee, K. H. Lee, H. S. Kim and C. G. Park,
J. Am. Chem. Soc., 2005, 127, 8234–8235.

17 Y. Takagi, L. Tauchi, H. D. Nguyen-Tran, T. Ohta, M. Shimizu
and K. Ohta, J. Mater. Chem., 2011, 21, 14569–14574.

18 H. Nie, M. Cui and T. P. Russell, Chem. Commun., 2013, 49,
5159–5161.

19 A. M. Schwenke, S. Hoeppener and U. S. Schubert, Adv.
Mater., 2015, 27, 4113–4141.

20 L. Tang, R. Ji, X. Cao, J. Lin, H. Jiang, X. Li, K. S. Teng,
C. M. Luk, S. Zeng, J. Hao and S. P. Lau, ACS Nano, 2012, 6,
5102–5110.

21 C. Liu, P. Zhang, X. Zhai, F. Tian, W. Li, J. Yang, Y. Liu, H. Wang,
W. Wang and W. Liu, Biomaterials, 2012, 33, 3604–3613.

22 S. Zhu, Y. Song, J. Shao, X. Zhao and B. Yang, Angew. Chem.,
Int. Ed., 2015, 54, 14626–14637.

23 S. Tao, Y. Song, S. Zhu, J. Shao and B. Yang, Polymer, 2017,
116, 472–478.

Materials Chemistry Frontiers Research Article

Pu
bl

is
he

d 
on

 2
5 

ok
tó

br
a 

20
19

. D
ow

nl
oa

de
d 

on
 1

7.
10

.2
02

5 
21

:4
8:

45
. 

View Article Online

https://doi.org/10.1039/c9qm00624a


2758 | Mater. Chem. Front., 2019, 3, 2751--2758 This journal is©The Royal Society of Chemistry and the Chinese Chemical Society 2019

24 Q. Wang, H. Zheng, Y. Long, L. Zhang, M. Gao and W. Bai,
Carbon, 2011, 49, 3134–3140.

25 Y. Dong, H. Pang, H. B. Yang, C. Guo, J. Shao, Y. Chi,
C. M. Li and T. Yu, Angew. Chem., Int. Ed., 2013, 52,
7800–7804.

26 V. Ramanan, S. K. Thiyagarajan, K. Raji, R. Suresh, R. Sekar
and P. Ramamurthy, ACS Sustainable Chem. Eng., 2016, 4,
4724–4731.

27 Y. Zhong, J. Li, Y. Jiao, G. Zuo, X. Pan, T. Su and W. Dong,
J. Lumin., 2017, 190, 188–193.

28 B. Kong, A. Zhu, C. Ding, X. Zhao, B. Li and Y. Tian, Adv.
Mater., 2012, 24, 5844–5848.

29 L. Lin, M. Rong, S. Lu, X. Song, Y. Zhong, J. Yan, Y. Wang
and X. Chen, Nanoscale, 2015, 7, 1872–1878.
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